ABSTRACT Plant secondary metabolism is an active research area because of the unique and important roles the specialized metabolites have in the interaction of plants with their biotic and abiotic environment, the diversity and complexity of the compounds and their importance to human medicine. Thousands of natural accessions of Arabidopsis thaliana characterized with increasing genomic precision are available, providing new opportunities to explore the biochemical and genetic mechanisms affecting variation in secondary metabolism within this model species. In this study, we focused on four aromatic metabolites that were differentially accumulated among 96 Arabidopsis natural accessions as revealed by leaf metabolic profiling. Using UV, mass spectrometry, and NMR data, we identified these four compounds as different dihydroxybenzoic acid (DHBA) glycosides, namely 2,5-dihydroxybenzoic acid (gentisic acid) 5-O-b-D-glucoside, 2,3-dihydroxybenzoic acid 3-O-b-D-glucoside, 2,5-dihydroxybenzoic acid 5-O-b-D-xyloside, and 2,3-dihydroxybenzoic acid 3-O-b-D-xyloside. Quantitative trait locus (QTL) mapping using recombinant inbred lines generated from C24 and Col-0 revealed a major-effect QTL controlling the relative proportion of xylosides vs. glucosides. Association mapping identified markers linked to a gene encoding a UDP glycosyltransferase gene. Analysis of Transfer DNA (T-DNA) knockout lines verified that this gene is required for DHBA xylosylation in planta and recombinant protein was able to xylosylate DHBA in vitro. This study demonstrates that exploiting natural variation of secondary metabolism is a powerful approach for gene function discovery. P LANTS produce .200,000 diverse low-molecular weight compounds, known as secondary or specialized metabolites (Dixon and Strack 2003; Yonekura-Sakakibara and Saito 2009). These metabolites are not essential to shortterm survival but play important roles in many aspects of plant life, including growth regulation, defense against herbivores, UV protection, and other adaptations to the environment (Hartmann 2007). Apart from their roles in plant adaptation, plant specialized metabolites are rich sources for industrial and medicinal materials such as dyes, flavors, and pharmaceuticals (Balandrin et al. 1985) .
P
LANTS produce .200,000 diverse low-molecular weight compounds, known as secondary or specialized metabolites (Dixon and Strack 2003; Yonekura-Sakakibara and Saito 2009 ). These metabolites are not essential to shortterm survival but play important roles in many aspects of plant life, including growth regulation, defense against herbivores, UV protection, and other adaptations to the environment (Hartmann 2007) . Apart from their roles in plant adaptation, plant specialized metabolites are rich sources for industrial and medicinal materials such as dyes, flavors, and pharmaceuticals (Balandrin et al. 1985) .
Studies of Arabidopsis thaliana have greatly advanced our understanding of the biochemical pathways and gene networks involved in a variety of specialized metabolism. For example, genetic analysis of artificially induced Arabidopsis mutants has led to the discovery of genes responsible for the biosynthesis of flavonoids, sinapate esters, and lignin (Shirley et al. 1995; Ruegger and Chapple 2001) . Exploiting natural variation between different accessions in the accumulation of glucosinolates and terpenoids has led to the identification of genes involved in their biosynthesis and alleles regulating their variation that are under strong selection (Kliebenstein et al. 2001a,b; Kroymann et al. 2001; Chen et al. 2003; Tholl et al. 2005) . Despite this progress, there are many more unknown than known compounds, even in this model species, and the pathways that generate them are still waiting to be discovered (D'Auria and Gershenzon 2005) . In recent years, mapping on genome-wide polymorphism information (Nordborg et al. 2005; Atwell et al. 2010; Chan et al. 2010; Li et al. 2010b; Cao et al. 2011) and experimental genetic material exploiting natural variation such as recombinant inbred lines (RILs) and near isogenic lines (NILs) (Torjek et al. 2006 (Torjek et al. , 2008 has facilitated the discovery of the alleles responsible for metabolic variation and thus the genes responsible for specialized metabolism. This approach provides an opportunity to discover the molecular mechanisms underlying evolutionarily relevant changes in metabolism and link metabolites to adaptive differences conditioned by metabolism (Keurentjes et al. 2006) .
To expand our knowledge of aromatic secondary metabolites, we surveyed soluble UV-absorbing metabolites in leaf extracts of a set of 96 Arabidopsis accessions, and found substantial variation in their accumulation. A previous study of one of those metabolic variations identified a gene involved in sinapate ester biosynthesis (Li et al. 2010a ). Here we report the identification of four dihydroxybenzoic acid (DHBA) glycosides that are differentially accumulated among accessions, and the discovery of a gene encoding a UDP-xylose:DHBA xylosyltransferase that underlies this metabolic polymorphism.
Materials and Methods

Plant material and growth conditions
The 96 accessions of Arabidopsis thaliana (stock no. CS22660) and the two T-DNA knockout lines (SALK_081110C and SALK_147583C) for At5g03490 were obtained from the Arabidopsis Biological Resource Center (Alonso et al. 2003) . F 2 plants were generated by crossing Col-0 and C24 and subsequently selfing of F 1 . The C24 3 Col-0 and Col-0 3 C24 RILs and NILs were kindly provided by Rhonda Meyer at Max Planck Institute of Molecular Plant Physiology, Germany. All plants were grown at 22°under a 16-h light/8-h dark photoperiod.
HPLC profiling of leaf soluble metabolites
HPLC sample preparation and analysis were done according to a previously published procedure (Li et al. 2010a) . Briefly, leaf tissue was harvested from 3-week-old plants and immediately extracted with 50% (v/v) methanol (1 ml per 100 mg tissue) at 65°for 30 min and injected onto a Shim-pack XR-ODS column (3.0 3 75 mm, 2.2 mm) (Shimadzu, Kyoto, Japan) using a binary gradient from 2% acetonitrile in 0.1% formic acid to 35% acetonitrile in 0.1% formic acid at a flow rate of 0.8 mlÁmin 21 . The 2,5-DHBA and 2,3-DHBA were used as standard for quantification of 2,5-DHBA glycosides and 2,3-DHBA glycosides, respectively.
Compound purification and identification
A methanol extract of $500 g of leaf tissue was concentrated using a rotary evaporator and fractionated on a semi-prep C18 column using a binary gradient of water and acetonitrile. The collected fractions were dried and redissolved in 5 mM NH 4 AC (pH 9), and then loaded onto a DE52 anion exchange column. The DHBA glycosides were eluted with 7.5 mM HCl. The fraction was freeze dried and redissolved in appropriate solvent for analysis. Base hydrolysis was performed in 1 M NaOH at room temperature overnight. Acid hydrolysis was done by incubating the compounds with 1 M HCl at 80°for 1 hr. Liquid Chromatography-Mass Spectrometry (LC-MS) experiments were performed with an Agilent accurate mass time-of-flight instrument in negative electrospray ionization mode using standard settings. For NMR analysis, 2,5-DHBAG and 2,3-DHBAG were dissolved with CD 3 OD:D 2 O (9:1, v/v). The 2,5-DHBAX was dissolved in D 2 O and 2,3-DHBAX in CD 3 OD. 1 H and 13 C spectra were acquired on a Bruker Avance 500 equipped with a broadband probe operating at room temperature.
Recombinant protein expression
The UGT89A2 gene was amplified from Col-0 genomic DNA with attB site containing primers: 59-ggggacaagtttgtacaaaaaag caggcttcatgacggaagtgttattgttg-39 and 59-ggggaccactttgtacaa gaaagctgggtttagactttttcaaattctttgac-39. The PCR product was cloned into pDONR221 (Invitrogen) and subsequently cloned into pDEST17 (Invitrogen) by standard Gateway cloning technology. The resulting expression vector was transformed into Escherichia coli BL21 (DE3) pLysS strain. The expression of the recombinant protein was induced with 0.4 mM IPTG at 16°o vernight.
Xylosyltransferase activity assay
Total protein was extracted from E. coli with 50 mM MOPS-KOH buffer, pH 7.0. Protein concentration was measured by using a microvolume bicinchoninic acid assay on a NanoDrop spectrophotometer (Desjardins et al. 2009 ). Xylosyltransferase activity assay was carried out in 50 mM MOPS-KOH buffer, pH 7.0 containing 14 mM 2-mercaptoethanol, 5 mM UDP-xylose, and 1 mM 2,5-DHBA. After incubation at 30°for 30 min, the enzyme reaction was stopped by adding one-fifth of the total assay volume of 24% (w/v) trichloroacetic acid. After a brief centrifugation, the supernatant was analyzed on reverse-phase HPLC as described above except using a starting gradient of 5% acetonitrile.
QTL mapping
Phenotyping of DHBA glycoside accumulation was done by HPLC on 265 Col 3 C24 RILs and 31 NILs. The RIL and NIL populations and genotypes for the RILs and NILs were described previously (Torjek et al. 2006 (Torjek et al. , 2008 . The proportion of DHBA xyloside to total DHBA in the RIL population was nonnormal. To improve the trait distribution for mapping and eliminate false positive interactions, the traits were log transformed after applying pseudocounts to adjust trait values of zero (Burkart-Waco et al. 2012) . QTL mapping was performed in R using the package R/QTL (Broman et al. 2003) . The implementation of Multiple QTL Mapping (MQM) and 1000 permutations were used to calculate experiment-wide multiple test corrections (Arends et al. 2010 ).
Genome-wide association analysis DHBA glycosides were measured in the 96 accession populations described by Nordborg et al. (2005) . The 214,051 SNP genotypes derived from genotyping of these 96 accessions on the ATSNPTile1 array were previously described (Atwell et al. 2010) . Alleles with a minor allele frequency of ,10% were excluded from analysis to reduce observation of spurious associations leaving 177,088 SNPs for the analysis. The association between each SNP and the phenotype was calculated using the Efficient Mixed-Model Association eXpedited (EMMAX) procedure (Kang et al. 2008 (Kang et al. , 2010 , which minimizes computational time for each SNP by estimating variance parameters and genetic relatedness once and then applies that across all association tests. The output of EMMAX includes the beta value (the main effect) and the P-value (significance) for each SNP. Manhattan plots were generated using an R script (Turner 2001) to visualize the EMMAX results. The Manhattan script requires a file that contains four columns: SNP (SNP ID), CHR (chromosome), BP (base pair position), and P (P-value). A custom Perl script was used to convert the EMMAX output into a file that is read by the Manhattan script.
Results
Identification of four DHBA glycosides from Arabidopsis
During a previous survey of sinapate ester profiles from 96 Arabidopsis accessions (Li et al. 2010a) we observed a number of other peaks for several UV-absorbent compounds with qualitative and quantitative differences. Two compounds were readily detected in half of the 96 accessions, including C24, but were below the limits of detection in the remainder, including Col-0 (Figure 1 ). These two compounds elute early from reverse-phase HPLC, indicating they are relatively hydrophilic. Because sugar conjugation is a common hydrophilic modification in plant secondary metabolism, we carried out acid and base hydrolysis to test if these compounds could be sugar esters or glycosides. As shown in Figure 2 , these compounds remain intact after sodium hydroxide treatment, suggesting that they are unlikely to be esters. In contrast, treatment with hydrochloric acid at elevated temperature produced a UV-absorbing compound with a longer retention time, consistent with release of an aglycone moiety from a glycoside by acid hydrolysis. Further analysis revealed that the putative aglycones of these two compounds have the same retention time, UV spectrum, and mass as authentic 2,5-dihydroxybenzoic acid (2,5-DHBA; gentisic acid) and 2,3-dihydroxybenzoic acid (2,3-DHBA), respectively. Further, the mass difference between the hydrolysis product and the intact compound is 162, which is consistent with the loss of a hexose. To further elucidate their structures, we purified the two putative glycosides from C24 leaves by reverse-phase HPLC and anion exchange chromatography. The 1 H and 13 C NMR spectra of the two purified compounds matched the previously reported NMR spectra of 2,5-dihydroxybenzoic acid 5-O-b-D-glucoside (2,5-DHBAG) and 2,3-dihydroxybenzoic acid 3-O-b-D-glucoside (2,3-DHBAG), respectively ( Figure 3C ; Supporting Information, Figure S1 ) (Sakushima et al. 1995) .
We then crossed C24 with Col-0 and analyzed the levels of 2,5-DHBAG and 2,3-DHBAG in 290 F 2 plants (see below for details). Some F 2 plants accumulated two additional compounds (3 and 4), which had similar UV spectrum to 2,5-DHBAG and 2,3-DHBAG, but with delayed retention times ( Figure 3, A and B) . Like 2,5-DHBAG and 2,3-DHBAG, these two compounds were also resistant to base hydrolysis but susceptible to hot acid hydrolysis. LC-MS analysis revealed that acid hydrolysis of compounds 3 and 4 also gave rise to 2,5-DHBA and 2,3-DHBA, respectively. In addition, the mass difference between intact compounds and their hydrolysis products coincided with the loss of a pentose, suggesting that these two compounds are pentosides of 2,5-DHBA and 2,3-DHBA. To identify the compounds, they were purified and subjected to NMR analysis. This analysis confirmed that they are DHBA glycosides and revealed that the sugar moiety is b-D-xylose in both compounds 3 and 4. The 1 H and 13 C NMR spectra of compounds 3 and 4 agreed with those previously described for 2,5-DHBA 5-O-b-D-xyloside (2,5-DHBAX) and 2,3-DHBA 3-O-b-D-xyloside (2,3-DHBAX), respectively ( Figure 3C ; Table S1 ) (Fayos et al. 2006; Bartsch et al. 2010) . We reexamined Col-0 by more sensitive methods and were able to detect 2,5-DHBAX using fluorescence detection or LC-MS, although the level of this compound was below the detection limit of the UV detector used in our initial HPLC profiling experiments (data not shown).
The accumulation of the four DHBA glycosides has a shared genetic basis
The four DHBA glycosides identified above are chemically related, suggesting that they may share common steps in their biosynthesis. To test this genetically and investigate how the biosynthesis of these four DHBA glycosides are related, we examined their accumulation in a 290-individual Col-0 3 C24 F 2 population. The levels of 2,3-DHBAG and 2,5-DHBAG were positively correlated in this population. In some plants, we detected only 2,3-DHBAG but not 2,5-DHBAG and vice versa ( Figure 4A ) indicating some independence in their accumulation and the detection limits of our analysis. Similarly, the accumulation of 2,3-DHBAX and 2,5-DHBAX was correlated ( Figure 4B ). In contrast, the levels of 2,5-DHBAX and 2,5-DHBAG can be used to clearly categorize F 2 individuals into three groups: one predominately accumulates 2,5-DHBAX, another predominately accumulates 2,5-DHBAG, and the third group accumulates both at comparable levels ( Figure 4D) . A similar accumulation pattern was also observed for the glycosides of 2,3-DHBA ( Figure 4E ). The accumulation of these four DHBA glycosides were also compared by an aglycone group, that is, 2,3-DHBA glycosides (2,3-DHBAG and 2,3-DHBAX) vs. 2,5-DHBA glycosides (2,5-DHBAG and 2,5-DHBAX), or by glycosylation type, DHBA xylosides (2,5-DHBAX and 2,3-DHBAX) as compared to DHBA glucosides (2,5-DHBAG and 2,3-DHBAG) (Figure 4 , C and F). These analyses clearly indicate that these four DHBA glycosides share some genetic control in their accumulation. Moreover, the relative abundance of DHBA xylosides (expressed as percentage of total DHBA glycosides) segregates into three clusters with a near 1:2:1 ratio in the Col-0 3 C24 F 2 population ( Figure 4G ), consistent with a single Mendelian locus controlling a majority of the variation in the relative abundance of xylosides vs. glucosides of DHBAs.
QTL mapping of DHBA glycosylation to single locus resolution
To map the genetic variation responsible for the variation in the sugar moiety of the DHBA glycosides, we measured DHBA glycoside levels in 268 RILs generated from C24 and Col-0 (Torjek et al. 2006 ) and carried out QTL mapping analysis (Table S2) . We calculated the molar percentage of DHBA xylosides (the total amount of 2,3-and 2,5-DHBAX divided by the total amount of the four DHBA glycosides) and performed a log 10 transformation of the trait for QTL mapping analysis. Strikingly, a single QTL at the top of chromosome 5 accounted for 84% of the phenotypic variance and was the only QTL responsible for the anticorrelation of glucosides and xylosides ( Figure 5 ). This was consistent with the F 2 population segregation patterns and indicated that a single Mendelian locus may segregate within this QTL. The high penetrance of the trait suggested that molecular identification of the natural genetic variation in DHBA glycosylation was feasible.
We further analyzed the accumulation of DHBA glycosides in NILs. Lines derived from crosses between C24 and Col-0 containing introgressions of the QTL region (Torjek et al. 2008) were phenotyped for DHBA glycosides. This analysis confirmed that the genotype of the chromosome 5 QTL is sufficient to determine the relative abundance of DHBAG and DHBAX ( Figure S2 ), corroborating the QTL mapping result. Using the NIL and and RILs containing recombination junctions at the top of chromosome 5 were insufficient to localize the QTL to single gene resolution. The region identified by the NIL and RIL was a 450-kb interval containing 165 annotated genes (data not shown). One of these, At5g03490, encodes a putative UDP-glycosyltransferase (UGT), an enzyme predicted to catalyze a reaction that transfers a sugar from a UDP-sugar to an acceptor molecule.
To test whether this locus on chromosome 5 was responsible for the global variation of A. thaliana for DHBA glycosylation types observed, we performed a genome-wide association experiment. Leaf DHBA glycoside levels were determined for a 96-accession association panel that has previously been genotyped (Nordborg et al. 2005) . This association panel is small and population structure is a confounding factor that required corrections (Kang et al. 2008) . The ratio of the two sugar types of DHBA glycosides was strongly influenced by a locus at the top of chromosome 5 ( Figure 6 ). This corresponds to a region contained within the QTL identified by linkage mapping (Figure 5 ). The SNP that had the greatest effect was of moderate frequency (SNP at Chr5 880586: P-value = 1.2 3 10 29 ; FDR-adjusted P-value , 10 26 ; Col-like allele frequency = 0.52; Table S3 ). Notably, multiple significant SNP resides within a few kilobases of At5g03490, the putative UGT gene (Table S3 ).
Identification of a 2,5-DHBA:UDP-xylose xylosyltranferase
If variation in At5g03490 is responsible for the QTL detected in the RILs and by genome-wide association, it is likely that the Col-0 allele encodes a DHBA:UDP-xylose xylosyltransferase. According to a recommended UGT superfamily nomenclature system (Mackenzie et al. 1997) , At5g03490 encodes UGT89A2 (Ross et al. 2001; Paquette et al. 2009 ), which belongs to GT family 1 as defined in the widely used Figure 5 QTL analysis of molar percentage of DHBA xylosides from the Col-0 3 C24 RIL population. The y-axis corresponds to the negative log 10 of the P-value as determined by MQM mapping in the R/QTL package. The x-axis indicates the chromosome, and the positions of each marker are indicated by the upward tick marks on the axis line. Only one position, at the top of chromosome 5, exceeded a 1000-permutationestimated threshold of 0.05.
CAZy database (http://www.cazy.org/) (Lombard et al. 2014) . To test the activity of UGT89A2, we expressed its gene from Col-0 in E. coli and tested the protein extract for xylosyltransferase activity toward 2,5-DHBA. In the presence of UDP-xylose, the protein extract of the UGT89A2-expressing E. coli converted 2,5-DHBA to 2,5-DHBAX, but that of the empty vector control did not (Figure 7 ). This indicates that Col-0 UGT89A2 has 2,5-DHBA:UDP-xylose xylosyltransferase activity.
To test if UGT89A2 is responsible for the accumulation of 2,5-DHBA xyloside in planta, we obtained two lines harboring independent T-DNA insertions within At5g03490 in Col-0 background. In both of the T-DNA lines, the open reading frame of UGT89A2 was disrupted ( Figure 8A ), so it is likely both lines are knockout mutants. No visible phenotypes were observed for these mutants. We measured the DHBA glycoside accumulation in these mutants and compared it with that of wild-type Col-0. Whereas wild-type Col-0 accumulates 2,5-DHBAX, the two T-DNA insertion mutants lack this compound and instead accumulate 2,5-DHBAG at a comparable level ( Figure 8B ). These results demonstrated that UGT89A2 is required for the accumulation of 2,5-DHBAX in Col-0 plants, and in the absence of this enzyme, a cryptic UGT activity for glucosylation of 2,5-DHBA becomes predominant.
Discussion
Plants have evolved the ability to produce myriad chemicals to cope with adverse environments and ward off herbivores. It is estimated that 15-25% of the genes in a plant genome encode enzymes for specialized metabolism (Pichersky and Gang 2000) . By using a combination of approaches, including compound identification, QTL mapping, genome-wide association analysis, and protein activity assays, to study a biochemical polymorphism revealed from nontargeted metabolite profiling of Arabidopsis natural accessions, we have identified a UGT gene responsible for glycosylation of DHBAs. In a previous study that screens the in vitro activity of recombinant Arabidopsis UGTs expressed from E. coli against benzoate compounds, UGT89A2 was shown to be able to glucosylate 2,5-DHBA (Lim et al. 2002) . However, its activity for xylosylation was not tested because only UDP-glucose was used as the sugar donor in that study. By metabolite profiling and identification, we were able to test the biologically relevant substrates for this enzyme and discovered the in planta function of UGT89A2 as a DHBA xylosyltransferase. This study demonstrates that exploiting natural variation in Arabidopsis is an efficient and powerful approach to elucidate gene function in secondary metabolism.
Phenotypic variation in metabolite accumulation has been shown to have relatively high heritability compared to complex traits, probably due to their simple genetic architecture (Baxter and Dilkes 2012; Korte and Farlow 2013) . In this case, the F 2 population indicated that DHBA compounds were either xylosylated or glucosylated. The ratio of these two glycosylation types was the parameter that Figure 6 Identification and localization of genetic variation responsible for variation in the xyloside proportion of DHBA glycosides. Association tests were carried out using a genome-wide collection of 177,088 SNPs and DHBA glycoside measurements from 96 accessions of A. thaliana. Each point represents an individual SNP. The y-axis is the negative log of the P-value for the test for association between the segregation of that SNP and the proportion of DHBA xylosides present in leaf tissue (see Materials and Methods). The x-axis corresponds to the position of each SNP in the genome. The five chromosomes of A. thaliana are indicated by alternating black and gray color for each. The red and blue horizontal lines correspond to P-values of 10 25 and 10 27 , respectively.
Figure 7
Col-0 UGT89A2 has a 2,5-DHBA xylosyltransferase activity. Crude protein extract from E. coli expressing Col-0 UGT89A2 or harboring an empty pET30a vector was tested for 2,5-DHBA xylosyltransferase activities using a HPLC-based assay.
best predicted the genotype. We identified a single locus underlying the molecular basis for the variation. QTL and association studies control for the effects of genetic background via the inclusion of genetic co-factors in the tests (Zeng 1993; Kang et al. 2008 Kang et al. , 2010 , but measurement imprecision and uncontrolled environmental effects still contribute to the error term and interfere with QTL detection and localization. In the case of these metabolites, the precision of the HPLC methods used to quantify DHBA glycosides in this study resulted in little technical inconsistency in the measurement of the compounds. Thus, appropriate phenotyping and crude metabolic modeling permitted extremely high sensitivity for the detection of variation at an enzyme locus. This has also been demonstrated by a recent genome-wide association study of human serum metabolites (Gieger et al. 2008) . We predict that simple modeling steps for pathways, such as principle components analysis (Sebastian et al. 2002; Gilbert and Le Roy 2003) as well as ratios of anticorrelated compounds such as we used here, will accelerate the discovery of genes responsible for metabolic variation in natural populations.
Moderate frequency polymorphisms will provide the best power to detect QTL, as maximum replication of the minor allele at each SNP will be achieved at a SNP allele frequency of 0.5. In our case, the accumulation of xylosylated DHBA was observed in $50% of the 96 lines assayed and our lowest P-value was obtained at a locus with nearly 50-50 allele frequencies. This contrasts with other successful work in which dramatic differences in metabolite abundance were used to identify underlying polymorphisms using phenotypically extreme accessions, to map alleles that were not widespread in natural populations (Li et al. 2010a) .
2,5-DHBA and 2,3-DHBA are structurally closely related to salicylic acid (2-hydroxybenzoic acid) (SA), an endogenous signaling molecule that plays an important role in plant defense against pathogens (Metraux 2002) . Feeding experiments using isotope-labeled SA demonstrated that 2,5-DHBA and 2,3-DHBA could be made from SA in leaves of various plants including Arabidopsis (Ibrahim and Towers 1959; Bartsch et al. 2010) . Consistent with this observation, Arabidopsis isochorismate synthase mutant sid2, which is defective in SA biosynthesis, was found to be deficient in DHBA glycosides (Bartsch et al. 2010) . More recently, a SA 3-hydroxylase gene was identified from Arabidopsis, providing direct evidence for the involvement of SA in DHBA biosynthesis (Zhang et al. 2013) .
DHBA glycoside biosynthesis has been implicated in defense responses and leaf senescence regulation (Belles et al. 1999; Fayos et al. 2006; Bartsch et al. 2010; Zhang et al. 2013 ), but it is yet unclear whether these are due to modulation of SA activity or new activities conferred by DHBAs and/or their glycosides. Glycosylation is a common modification that contributes to the diversity of secondary metabolism. It has been shown that glycosylation has various effects on plant metabolites including increasing stability, controlling compartmentalization, and modifying biological activity (Jones and Vogt 2001) . DHBA glycosides may serve as an inactive storage form, parallel to the role of SA b-glucoside for SA (Chen et al. 1995) . Alternatively, the sugar moiety of DHBA glycosides may be important for their suggested signaling activity in plant defense (Belles et al. 1999; Bartsch et al. 2010) . There are known cases where the sugar moiety of a glycoside has been shown to be important for the biological activity of the molecule. For example, an intact sugar moiety was found to be essential for the membrane disruption and antifungal activity of oat saponins, a group of triterpene glycosides (Armah et al. 1999) . It has also been reported that the 3-b-glucoside of resveratrol, piceid (Waterhouse and LamuelaRaventos 1994) , has significant higher inhibitory effect than the aglycone on spore germination and penetration of Venturia inaequalis, the causal agent for apple scab (Schulze et al. 2005) .
There is no clear association between geographic origin of the accessions and the sugar type of the DHBA glycosides they accumulate. This biochemical phenotypic difference may be neutral to plant fitness but if xylosides and glucosides confer specificity to DHBAs in defense against different pathogens, frequency-dependent selection is possible (Chaboudez and Burdon 1995; Clay and Kover 1996) . Consistent with a function for these molecules, DHBA xylosides accumulation can be induced in plants by some pathogens (Fayos et al. 2006) . Furthermore, the polymorphisms at UGT89A2 comprise moderate-frequency extended haplotypes, which could be produced by frequency-dependent selection. Further research into the functions of these DHBA glycosides may shed light on the possible evolutionary forces behind the observed metabolite variation.
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